The Jupiter Europa Orbiter (JEO) is NASA's element of the joint Europa Jupiter System Mission (EJSM). Based on current trajectories, the spacecraft will spend a significant amount of time in the Jovian radiation belts. Therefore, research endeavors are underway to study the radiation effects on the various parts and components needed to implement the instruments. Data from these studies will be used for component selection and system design to ensure reliable operation throughout the mission duration. The radiation environment en route to Jupiter is nothing new for NASA designed systems, however, the long durations orbiting Jupiter and Europa present new challenges for radiation exposure. High-energy trapped electrons and protons at Jupiter dominate the expected radiation environment. Therefore, most of the initial component level radiation testing is being conducted with proton exposure. In this paper we will present in-situ monitoring of the optical transmission of various laser optical components during proton irradiation. Radiation induced optical attenuation of some components is less than would be expected, based on the authors experiences, and is attributed to the interaction of the protons with the materials. The results are an encouraging first step in screening these optical materials for spaceflight in a high radiation environment.
INTRODUCTION
The Europa Jupiter System Mission (EJSM) is a joint endeavor between National Aeronautics and Space Administration (NASA) and European Space Agency (ESA). Mission focus is on the Galilean moons Europa and Ganymede, along with the Jupiter system as a whole. EJSM is comprised of two complimentary spacecraft, the NASAled Jupiter Europa Orbiter (JEO) and the ESA-led Jupiter Ganymede Orbiter (JGO). JEO is designed to expand upon the major discoveries of the Galileo and Voyager missions at Europa. Its primary goal will be to explore Europa to investigate its habitability. JEO and JGO are scheduled to launch separately in 2020 using multiple gravity-assist trajectories. They should arrive at Jupiter in approximately 6 years. At which time, JEO would begin a 30 month Jovian system orbital tour including close flybys of the moons Io, Europa, Ganymede, and Callisto. Following this tour of the Jupiter system, the spacecraft enters a 9 month science mapping phase of Europa.
Instrument radiation exposure during the JEO mission would come from four major sources: 1) solar energetic particles (protons, electrons, and heavy ions) during the interplanetary cruise; 2) galactic cosmic rays (protons and heavy ions) during the interplanetary cruise; 3) trapped particles (electrons, protons, and heavy ions) in the Jovian magnetosphere during Jovian Tour and orbits at Europa; and 4) particles (neutrons and gammas) from the onboard power source. Of the four radiation sources, the high-energy trapped electrons and protons at Jupiter are the dominating contributors to the Total Ionizing Dose (TID) and Displacement Damage Dose (DDD) effects.
1-2 Since the expected radiation levels are higher than for a typical spaceflight mission, studies are being conducted to examine the radiation induced effects on various components necessary to build instruments being proposed for the JEO mission.
In this paper, we will present the results of proton testing of a variety of optical components necessary to build laser based systems. Proton testing was chosen as an initial screening, but is only the first step in characterizing the performance of these optical components for use in these high radiation environments. [3] [4] *Joe.Thomes@nasa.gov; http://photonics.gsfc.nasa.gov
PROTON RADIATION TESTING
Radiation environments have been calculated for the planned JEO mission. Due to the expected high proton fluence, an initial radiation test was performed on a number of laser system optical components. Table 1 lists the optical components that were chosen because they represent items typically found in a 1064 nm laser system or its doubled output: Neodymium-doped yttrium orthvanadate
The ceramic laser materials are a developing area in laser systems and offer unique opportunities in the gain media design, such as combining doped and undoped regions within the same bulk optic or varying the doping in different regions of the optic. Historically, ceramic optical materials have exhibited large radiation induced optical attenuation as a result of color center formation at the dislocations formed during the sintering process.
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Proton testing was performed at the Indiana University Cyclotron Facility (IUCF). Beam current was 50 nA. The proton beam was incident on a 4 cm thick copper block, resulting in exposure of the test samples to approximately 50 MeV protons at a flux of between 1.5x10 9 and 1.7x10 9 p/cm 2 sec. This equates to a dose rate between 0.23 and 0.26 krad/sec. The conversion at 50 MeV protons in Si is 1.53x10 -7 rad cm 2 /p (i.e., 10 10 protons/cm 2 = 1.53 krad).
In-situ optical monitoring at 1064 and 532 nm was performed using an automated sample acquisition setup. Light from two 1064 nm laser diodes and one 532 nm laser diode was transmitted through fiber optic splitters. All laser diodes were operated in constant power mode and allowed to stabilize before the start of testing. The optical sources and splitters were located inside the IUCF data acquisition room. Optical signals were coupled into and out of the radiation room using long fused silica step index optical fibers. Optical signals returning from the radiation room were collected on Agilent 81632A and 81635A optical power meters and recorded using a data acquisition program written in LabView. Samples were mounted into a custom fixture designed to hold the samples between two fused silica fiber collimators. Fiber coupled light entering the room from the sources was collimated and then passed through the sample before being focused into the return fiber by the second collimating lens. All samples were monitored at 1064 nm except for the 532 nm bandpass filter which was monitored using the 532 nm source. Collimator pairs with no sample in between were used (for the reference measurement) to monitor the sources and subtract any background noise, such as from radiation induced attenuation in the fibers. The dimensions of the custom fixture for holding the samples and collimators were chosen in order to place the fiber collimators as far outside of the radiation beam as possible without causing a large loss in optical transmission. Lead blocks were used to provide additional shielding of the fiber optic cables. 
RADIATION INDUCED OPTICAL ATTENUATION
Polycrystalline (ceramic) laser materials are of interest as a replacement for crystalline laser rods and slabs in future systems. Of particular interest are Yttrium Aluminum Garnet (YAG) materials that have laser wavelengths around 1064 nm. Figure 2 shows the proton induced attenuation in the 1%Nd:YAG, 20%Yb:YAG, and 1%Nd:YVO 4 samples measured at 1064 nm. All of these samples exhibited an increased insertion loss due to proton exposure. The 1%Nd:YAG sample exhibited a rapid increase of 0.2 dB followed by a gradual increase to a saturated insertion loss of around 0.6 dB. This sample also exhibited almost no recovery during the 70 minute pause in proton exposure that occurred around 260 minutes into testing. The 20%Yb:YAG exhibited a 0.6 dB insertion loss that saturated quickly. This sample also showed a recovery of 0.2 dB during the 70 minute pause in proton exposure, but returned quickly to the former steady-state decreased transmission level upon resuming proton exposure. The 1%Nd:YVO 4 sample showed a rapid increase in insertion loss up to 0.4 dB upon proton exposure, but remained at that steady-state transmission level. The sample also exhibited recovery during the 70 minute pause in proton exposure, returning almost to its original transmission level. Proton induced changes in transmission for the co-doped samples are shown in Figure 3 . From the figure it can be seen that there was no significant change in optical throughput at 1064 nm. Since no significant change was measured during the first proton test for the co-doped samples, the same samples were reinstalled in the testing fixture and included in the second proton test. Figure 4 shows the results of additional proton exposure on the optical insertion loss of the samples at 1064 nm. The optical gain associated with the 1%Nd:0.5%Ce:YAG samples is attributed to a fluctuation in the 1064 nm laser diode source. As with the first proton exposure of these samples, no significant change in the optical transmission at 1064 nm is observed. It should be noted that a visual change in the samples was seen following exposure, as will be shown in the discussion section later in this paper. A KD*P Q-switch crystal was exposed to protons during the first radiation test. The Q-switch was a Cleveland Crystals, Inc., part of the Gooch & Housego Company, model IMPACT 8 with sol-gel coatings. The crystal was designed for operation at 1064 nm and was mounted into their standard white plastic housing. The housing containing the crystal was mounted onto the sample holder, as seen in Figure 1 . No significant change in optical throughput at 1064 nm was measured during proton exposure, as seen in Figure 5 . There was a discoloration of the housing following exposure, which is not believed to degrade its performance, but no testing was performed to check the electrical or structural integrity. A standard Nd:YAG laser rod was included in the second proton test conducted. Data were used as a comparison to the ceramic laser materials being tested. Figure 6 shows the optical insertion loss monitored during proton exposure. From the figure, no significant change in optical transmission was measured. A pair of 1064 nm bandpass filters were monitored at 1064 nm throughout proton exposure. Figure 7 shows the measured insertion loss during the irradiation. From the figure it can be seen that one of the filters showed no significant change in transmission at 1064 nm, while the other filter exhibited a slowly increasing insertion loss up to around 1.1 dB by the end of the test. It should be noted that the filter with the increasing insertion loss was the only other sample connected to the splitter which was also used to monitor the 1%Nd:0.5%Ce:YAG ceramic sample shown in Figure 4 . Based on the results of the other ceramic samples and the optical performance of that same sample during the earlier proton exposure, the approximately 1 dB gain exhibited was attributed to a drift in the source or splitter. Therefore, it is possible that the approximately 1 dB loss seen for the second 1064 bandpass filter is the result of a shift in the split ratio of this particular splitter. Fiber splitters have a reputation of shifting the split ratio between the output fibers as a result of changes in the room temperature, or other outside influences. The output of the laser diodes was also monitored during the test and the displayed results have been corrected for fluctuations in the source. Given the close match between the loss of this sample and the gain of the other sample, it is possible that this loss is due to shifts in the fiber splitter and not caused by the proton exposure. All data presented up to this point in the paper was taken at 1064 nm. For many applications, a doubled output at 532 nm is desired. Optical materials tend to be more sensitive to radiation induced darkening in the visible region of the spectrum. So, a 532 nm bandpass filter was included in the test matrix. Figure 8 shows the change in optical insertion loss as a result of proton exposure. From the graph it can be seen that the filter is very susceptible to proton induced photodarkening. The insertion loss following an acculumated fluence of around 1.3x10 13 p/cm 2 was 8 dB. The filter did exhibit recovery following proton exposure as can be seen on the right side of the graph and in the many insertion loss jumps during pauses in the proton exposure. 
DISCUSSION
Materials and instruments on the upcoming Jupiter Europa Orbiter (JEO) will be subjected to higher fluences than would typically be experienced in a spaceflight mission. Of interest in the current study was the optical performance of several standard laser materials and some newer ceramic laser materials under proton exposure to accumulated fluences in the 1-2x10 13 p/cm 2 range. All materials were tested at the intended operational wavelength of 1064 nm except for the one 532 nm bandpass filter. From the data presented in this paper, it can be seen that the majority of the samples showed little change in optical performance as a result of proton exposure. The Nd:YAG laser rod and KD*P Q-switch showed no significant change in transmission. The 1064 nm bandpass filters showed no change for one sample and a 1 dB insertion loss for the other, but this change may be the result of an instability in the fiber splitter sending light to the sample during the test. The polycrystalline laser samples that were co-doped with either Cr or Ce showed no significant change in optical transmission during the proton irradiation. Similar ceramic laser samples without the co-dopant showed a rapid insertion loss increase up to around 0.5 -0.6 dB, which stabilized at that level for the remainder of the exposure. The 532 nm bandpass filter was the only sample that showed a large insertion loss change of 8 dB during the proton exposure.
Optical materials typically show a larger radiation induced darkening in the visible region of the optical spectrum.
While all of the samples tested at 1064 nm had little insertion loss changes, visual examination of the samples showed a significant darkening in the visible wavelength range. Figure 9 shows pictures taken of the samples before and after proton radiation exposure. Illumination and backgrounds were slightly different in the before and after pictures, but the substantial darkening in the visible region is apparent. Ceramic laser materials are manufactured by starting with a powder and sintering until the material has acceptable optical properties at the wavelengths of interest (pumping and lasing wavelengths). Often times, sintering agents are added to assist with collapsing the individual grains in the powder to form the crystal. Due to the nature of forming the laser material from a powder, there are a larger number of defects in the final material. Upon exposure to radiation, excited state charges can become trapped in the defect states in the electronic band structure of the material and lead to color centers. These color centers cause a reduction in the optical transmission of the material. It is the creation and annihilation of these color centers that dictates the optical performance of the materials during irradiation. Previous experience of the authors in testing polycrystalline optical materials in gamma radiation showed that the ceramic laser materials showed considerable more photodarkening than comparable crystalline samples. Therefore, it was encouraging that these ceramic laser materials showed only a small effect of photodarkening under proton irradiation.
CONCLUSIONS
Instruments for the upcoming JEO mission will rely on lasers for their operation. Proton testing at fluences in the 10 13 p/cm 2 range was used as an initial step to screen several candidate materials. Crystalline and polycrystalline laser materials with various dopants were subjected to proton bombardment at around 50 MeV. Most of the materials showed little to no effect at 1064 nm, the wavelength of interest. Therefore, all of these materials should be considered viable options for further screening in preparation for the upcoming mission. The bandpass filter tested at 532 nm showed considerable proton induced darkening. This result is not unexpected, as many optical materials exhibit a larger insertion loss at visible wavelengths during radiation exposure. System design will need to account for this loss or provide shielding to reduce the exposure, unless alternate materials are investigated.
